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Abstract. IIigh-rcsoluticm  trajectory calculations arcuscd  to show thepattcms

of the circu]atio))  as a function of height  during a strong stratospheric warming in early

Jan 1994. In the middle and upper  stratosphere, where there is a closed  anticyclonic

circulation, material drawn off the vortex and material drawn in from low latitudes coil

up together in the anticyc]one;  the amount of material from the vortex  that is included

incrcascs with height. In the lc)wcr stratosphere, where tllcrc is no closed anticyclonic

circulation, the extra-vortex flow is characterized by folding and strc(ching  of narrow

filaments that arc drawn in from low latitudes and off the vortex, Al levels where the

closed  anticyclonic  circulation organizes the extra- vortex flow, parcels in the anticyclone

dcsccnt  farthest during the warminp,;  at lower levels, pal eels near the vortex edge

descend most .
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Introduction

Stratospheric warmings  have a profound eflcct  on the cvolutiol~ of the polar  vortex

during  the NII winter. The United  Kingdom Meteorological OfIlcc  (UKMO) developed

a data assimilation system in support of the Upper Atmosphere Research Satellite

([JARS) program [Swidank ad O ‘Ncill 1994], which provides a quality controlled

lnctcorological  dataset with good spatial resolution in t hc stratosphere, and wind fields

that are consistent with the primitive equations used for the general circulation model

into which observations are assimilated. It has been dmnonstratd  [e.g.,  O ‘Neill  et al.

1994] that these analyses arc a powerful tool for studying stratosp}lcric  warmings  and

the evolution of the stratospheric circulation.

O’Ncili  CL al. [1994] used the UKMO analyses, and “domain- filling” trajectory

calculations on iscntropic  surfaces using UKMO winds to describe ill detail the evolution

of the straiosphcric  flow during a strong warming in late January 1992. We examine

here, in a similar manner, the three-dimensiolml evollltion  of the circulation in and

around the polar vortex cluring  a strong stratospheric warming near the beginning of

1994. ‘1’llrcc-clill~c]lsiollal  domain-filling trajectory calculatiolls  are used to describe in

clctail the patterns of diabatic  descent during this event, ancl the variations in these

pattcms  wit}]  height.

Data and Analysis

‘J’lle UKMO data assimilation system is dcscribcd  by Su)inhad:  and  O ‘Ncdl

[1 994]; gcopotcntial  heights, tcrnpcratures  and horizontal winds am provided on levels

ecluall y spaced in log(prcssurc),  with six levels per dccadc  ill pressure throughout the

stratosphere.  ltossby-1’;rtcl  potcntia]  vorticity  (l’V) is calculated

analyses; for vertical sections, PV is scaled ill “vorti(  ity units” (s

al., 1 994a] to give a similar range of values at all lcvc’ls.

,

from the U](MO

1 ) [e.g.,  Manncy d
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‘1’hc trajectory code [Mamey d al. l! X)4a] uscs  UKMO horizonia]  winds and,

bccausc  radiative heating rates from the UKMO assimilai ion moclcl arc J]ot available

as an output product, diabatic  clcsccnt  ralms  fronl an inclepcndcnt  radiat ion code,

MIllllAl),  a rcccnt version of the code described l)y Shin( [1 987]. Nearly  60,000 parcels

have been initialized on al] equal area grid covering the NH on 6 isclltropic  surfaces

covering the stratosphere. As ws done by O ‘Ncill et al. [1 994], the parcels are color

coded by their I’V on tile initial  day, providing a high resolution picture of the cvo]ution
,f.,?

of the flow on succeeding days. In additional, wc examine the motiol)  of the parcels with
< ..’

respect to iscntropic  surfaces to get a detailed picture of the three-di?r)c~)sional patterns

of diabatic  dcsccnt.

Results

l“ig. 1 shows times series from 16 l)ec 1993 through 14 Jan 1994 of 10 hl’a zonal

mean wind ancl temperature. A reversal of high latitud(!  winds alld tcmpcraturc

gradients occurs in tltc last few days of l)ccembcr  and the first few days of January, with

the peak of the warming around 1 Jan 1994. ‘~’he wind reversal is ill tlIc  region north of

R64”N. As will bc seen below, this event rcscmblcd  what, is son]ctilncs  called a “wave

2“ warming, where the micl-stratospheric vcn%cx is clonga  ted and split, or nearly split,

into two lobes. 1 )uring this warming;,  lower stratc)sphcric  temperatures rose above the

thrcsho]d  for polar  stratospheric cloud formation [ 11’aicrt~ et al. 1995], allcl, whi]c  the

circulation in the middle alld upper  stratosphere rccovcrcd shortly aflcr tl)is cvcllt, the

lower stratospl)cric  vortex  was substantially weakcnccl  alld  rclnaillcd  weak until a brief

strcllgtllcllillg  in lat,c l~cbruary  1994 [Manney et al. 1995] .

‘1’lIc large-scale vertical structure of the polar vortex during the war]ning  is shown

in F’ig. 2, a fcw days before (27 l)ec 1993) and a fcw days after (4 Ja]] 1994) the

peak of the warming. Scaled 1’V and heating rates calculated by MI] IRA]) arc shown

as a function of ]atitudc  along 45°to 255 °1fl, and as a function of longitude around
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60°N.  The pattern of temperatures closely follows that of the hcatil]g  rates shown here,

with highest tcmpcraturcs  coincident with regions of s{ rongcst  diabatic  dcsccnt.  ‘1’hc

strongest diabatic  descent is along the region of stron[;  PV gradimlts  in the upper

stratosphere; in the micldlc  and Iowcr stratosphere, most enhanced cooling is seen  in the

region of the anticyclonc,  outside the region of strong I’V gradients.

Although this warming is not as strong, the general evolution of the vertical

structure of the flow strongly resembles that shown by Manney et al. [1994b] f o r

simulations of the l’ebruary 1979 stratospheric warming. A b.aroclinic  zone forms in the

tcmpcraturc  (and heating) field before the peak of the warming, with the vortex  tilting

westward (Fig.  2c) and outward (Fig. 2a) with increasing hcigllt.  As the warlning

progresses, the vortex straightens up, so that after the peak the vortex shows no tilt

with latitude (Fig. 2h)  and lCSS tilt with longitude (Fig. 2d).

Figure 3 shows high-resolution PV fields from tllc don-lain-filling trajectory

calculations initialized on 25 l)ec 1993, for parcels initialized at 840 K, throughout

the warm i ng. Ely 30 lIcc, the anticyclone  has already strengthened, and a tongue of

high-PV  material is pulled ofl the vortex, and wrapped partially around the anticyclone.

Over the course of the warlning,  low PV air is drawn up from low latitudes and coiled

up into the anticyclonc with high PV material drawn off the vortex. Most of the low

latitude air is drawn in between the cyclone and anticyclonc;  however, some low PV

air is also drawn in directly from around the southerll  side of tllc allticyclonc  (e.g., 30

I)cc,  3 Jan). The low latitude air thus arrives ill the allticyc]onc  by different paths, with

the possibility of very different sun exposure and thcmnal history. 1 loth the stripping
,

of vortex air and the drawing in of subtropical air will sharpen tracer gradients along

the vortex edge. Silnilar  coiling of matcria] in the anticyclo]lc  was noted durillg  the late

January 1992 warming [O ‘Neill d al. 1994], and lcd to rip~)lcd features i)l observed

tracer fields [1.ahoz et al. 1994]. Additional folding and stretching occurs in the region

where air is drawn between the vortex and tllc anticyc]one  (e. g., IIcar  130°E,  40” N on
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)CC, 3 Jan and 5 Jail’ and where material is drawn ofl the vortex (e.g., near 24001’;,

40”N on 3 Jan).

0]] 1 Jail, the vortex is at its maximum elongation at 840 K, and is nearly split.

The development of closed  vortices in each lobe removes high 1 ‘V rnatcrial from the

region between them by wrapping it into the vortices. On the succeeding days, the

smaller western vortex weakens and its material is pulled  back into al~d sheared out

around the stronger eastern vortex. lh.rring  this process, relatively low I)V material

from the vortex edge region between the lobes is wrappc[d  into the expanding eastern

vortex. IIy 5 Jan, this material can be seen well within tile interior of the region of very

high I’V.  ‘1’hcsc vortex interactions arc particularly effective at mixing  vortex air and

entraining vortex-edge and extra-vortex air deep within the polar  vortex. If the vortex

air were originally radially stratified within the vortex, as may result  from descent of

mcsosphcric  air [Fisher et al. 1993], such stratification ~vould be lost,  during warmings

as strong as this one.

h’ig. 4 SI)OWS the evolution of the flow on the same days, but for l)arccls  initialized

at 420 K, near the bottom of the stratosphere. At this lCVCI,  there is no closed

anticyclonic  circulation, and instead of the stripping off of high-I’V tongues which

bccomc progressively ]Iarrowcr and roll up with the Iow-1’V tongues drawn in froln

low latitudes, tllc a.ppcararlce  of the flow in the extra-vortex rcgioli  is characterized by

strctchi]lg  and folding of narrow filaments of low-I’V  air from low latitudes, ancl  high-1’V

air drawn off the vortex. ‘l:his behavior is seen tllroughol[t  the ~nid-lal,itudc  extra-vortex

rcgioll,  IIot just underlying the! anticyc]onc.

As at higher  ICVCIS, the lower stratospheric vortex is pulled out into two main lobes

on 1 Jan, and by 3 Jan the smaller sub-vortex begins to be drawl)  ill and sheared out

around the larger. IIowcvcr,  by 5 Jan, the lar.gcr vortex is itself clrawn out into two

sub-vortices. Wc thus see at these levels a continuing l~roccss  of vortex development

where subvorticcs  form and then merge, as the wcakcl  ones arc sheared out around
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the stro~)gcr.  Althoug])  a polar vortex, in the sense of a region  of strong  PV gradients
%;. (/ <<f. -0 ) “ ~~(’.’( ~’ .’-:1, .

resulting from the strong winds in the polar nip)llt  jet, can  be clcfinecl  at this lCVCIS,  it is

clearly more complicated than the relatively strongly isolated, single vortex that is seen

at higher ICVCIS.

Fig.  5 illustrates the changes with height  in the IJatterl)s  of vortex evolution,

showing on 1 Jan, near the peak of the warming, the domain-filling trajectory

calculations for parcels started at 520 K, 655 K, and 1100 K (the parcels started at 420

K for this day were shown ill  I’ig. 4, and those started at 840 K in l~ig. 3). At 520 K,

the polar vortex already has the relatively simple, “wave 2“ st ru ct u rc that was seen at

840 K. However, tllcrc is still not a closed anticyclonic  circulation at this lCVCI,  and the

extra-vortex behavior is characterized by stretching and folding,  ral IIcr than the pulling

out and coiling up of long tongues that was apparcmt at 840 K. A closed  anti cyc]onc

is apparent at 655 K, and the coiling up of material d] awn ill fron)  low latitudes into

the anticyclonc is apparcnlt.  IIowcvcr,  tlic large torlgucs  of lnatcrial  being drawn off the

vortex and arouncl  the anticyclone  are not as large as at 840 K.

At 1100 K, and at 1300 K (not shown), tl)e  vortex  is nc)t as divided as at the

lower  levels, llavillg  more  of a “wave 1” type structure, with a very large, strollg closed

anticyclolle.  q’hc tongues of high I)V drawn ofr the vortex are ]argc:r, ancl considerable

amounts of lnatcrial  with both very high and very ICJW I’V are coiled up together in the

anticyclolle.  h40rc hig]l I’V air is clrawn ofl the vortex and coiled up into the anticyclonc

than at tl)c  lower  lCVCIS,  consistellt  with the stronger jet bctwccn the cyclone and

antic yclollc.

l“ig. 6 shows l]OW the patterns of diabatic  clescent  chaugc through the stratosphere.

‘1’hc potential  tcmpcraturcs  of parcels started at 655 K, 520 K, alld  420 K arc shown on

9 Jan 1994, day 15 of the domain  --fillillg trajectory calculation, after tllc warlning.  At

655 K, and all ICVCIS  above (not shown), where there is a C1OSCC1 ant icyclonic  circulation,

the parcels coiled up in the anticyclonc  cxpericllcc  considerably I]lcJrc  clesccut  than any
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others. There is somewhat stronger descent around the cxlge of the vortex  region  than

in the center. As was seen in Fig. 2, and has been previously noted [e.g. Munney

et al. 1994a], the strongest diabatic  cooling rates are ty~jically  in tllc region  bctwccn

the cyclone and anticyc]onc,  but may at times be well out into the anticyclone in the

mid-stratosphere (e.g.  l“ig. 2b), The parcels that coil up in the anticyclollc  thus remain

in the region of strongest descent rates, and those that circulate around the edge of the

vortex pass

At the

circulation,

through regions of stronger descent than those near the cclltcr of the vortex.

lower levels, both 420 K and 520 K, where tllcre is no closed anticyclonic

the strongest diabatic  cooling rwmains  along or outside the vortex edge (1’ig.

2). At these levels, the only organized pattern where parcels continuously circulate

through the region of strongest descent is arouncl  the cclgc of the vortex. Consistent

with this, the parcels along t}le  vortex edge have gcncrall<y  experienced the most descent

(Fig. 6b, 6c).

Summary

Meteorological data and domain-filling trajectory calculations reveal cletails  of the

evolution of the stratospheric polar vortex during a stro)lg “wave 2“ type stratospheric

warming ill car]  y Jan 1994. our results show prcwiousl!r  noted features, such as tllc
.

formation of a baroclinic  zone in temperature, and the \vcstward a~~d outward tilt of the

vortex with height during the early part of the warming. ‘l’he clonlain-filling  trajectory

calculations show changes in the patterns of the) circulations with height,. ]n the middle

ancl upper stratosphere, whcle there is a closed anticyclonic  circulation, the matcria]

contours arc seen to coil up in tl)c anticyc.lone,  rolling up  togethcx  nlaterial  drawn off

the vortex ancl ]natcrial drawn in from low latitudes. ‘J’lle a]nount  of material drawn off

the vortex that is included ill this coil increases with height, collsistcllt  with the stronger

vortex ant] anticyclonc in the: upper stratc)sphcre.  ]n tllc lower stra(osphcre,  below the

level where there is a closccl  anticyclonic  circulation, tlic cxtla-vc)rtcx  circulation is
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cllaractcrizccl  by folding ancl stretching of narrow filaments that arc drawn in from low

latitude and off the vortex. Near-separation of the vortex  into subvortices  and their

subsequent mcr,ging  during the warming results in the entrainment of vortex-edge and

extra-vortex air deep into the vcn-tex  throughout the lower and middle stratosphere. At

the levels where the closed anticyc]onic  circulation orgimizes  the extra-vortex flow, the

parcels that coil up in the anticyclone  experience the n lost descent. At lower levels, the

parcels circulating around the vortex edge experience the most dcsccnt.
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Figure 1, ‘llmc series of (a) zonal mean wind (m/s) and (b) zonal Incan temperature (K) at

lohl’afo r16])c!c1993th  rough14Jan1993.  Negativev  alucsarcshadedin  (a); shadingin  (h)

is between 255 and 230 K. ‘J’he horizontal line is across 60”N.

Figure 2. Cross-sections of diabatic  heating rates (colors, K/d) and scaled PV (contours,

10-4s-1)  on 27 IIcc 1993 and 4 Jan 1994, (a) and (b) ver:us  latitude and 6 along 45- 25501;,

and (c) and (d) versus longitude and 9 at 60°N.

Figure 3. Time  scquencc  of the distribution of parcels sta rtcd on the 840 K iscntropic  surface,

color coded by their I’V (10-4 Kn12kg-ls-] ) in the initial day, 25 Dec 1993.

, “\.\’ “
LFigure 4. As s l’ig. 3, but for parcels started at 420 K.

Figure 5. As in Fig 3, but for 1 Jan, and parcels started at 1100 1{, 655 K and 520 K.

Figure 6. IIistribution  of parcels initialized on 25 l)ec 1993 on tlkc 655 K, 520 K and 420 K

iscntropic  surfaces, plotted on 9 Jan 1994, color coded by their  potential temperature (K) on

that final clay.
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